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Abstract
The direct observation of gravitational waves in the 0.1 mHz to 1 Hz band is possible only from space. This band is expected
to be rich with astrophysical sources that will yield a wealth of information measured with an accuracy and precision that can be
obtained no other way. The Laser Interferometric Space Antenna (LISA) mission concept remains the reference design for this
type of mission, but budget and programmatic constraints have forced reformulation of the original concept. This paper will briefly
summarize recent activity in the US and Europe toward realizing a gravitational wave mission in space.
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1. Introduction
The 0.1 mHz to 1 Hz frequency band is expected to have a large number of strong astrophysical sources of
gravitational waves[1], but it is not accessible with ground-based detectors due to fluctuations in the local gravitational
field caused by changes in the local mass distribution at those frequencies. The LISA mission[2], a joint NASA/ESA
project, has been the reference mission for observing this band from space for nearly 30 years. A LISA-like mission
has five essential elements: (1) drag free test masses that are shielded from extraneous forces and free to move
inertially within the measurement bandwidth, (2) continuous laser ranging between pairs of test masses, (3) test mass
separations of order a million kilometers, (4) heliocentric orbits for a stable environment, and (5) laser frequency noise
subtraction (Time Delay Interferometry).
Budget constraints have forced reformulation of the basic mission concept at both NASA and ESA to achieve a
lower cost point, although with a loss of science. The basic requirements of such a mission force a cost point of ∼$1B
([3], Table 19) in order to achieve a science return beyond a simple detection. Since we expect a direct detection
by a ground-based laser-interferometric observatories like Advanced LIGOand Virgo and by pulsar timing arrays
such as NanoGrav before a space-based mission launches, a simple detection is not interesting and a real observatory
class mission is required. Such a mission would not only detect (count) sources but be capable of extracting details
(parameter estimation) of the astrophysical systems.
This paper briefly reviews the progress and status in both the US and Europe toward a space-based mission to
detect gravitational waves.
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2. LISA Status
By March of 2011 it had become apparent that NASA would be financially unable to contribute to any of the joint
NASA/ESA missions proposed as 50/50 partnerships for the first large (L-class) mission the Cosmic Visions Pro-
gramme in the time-frame in which the funds were available in Europe (2015-2025). The Cosmic Visions Programme
was planned to include three large L-class mission opportunities, three M-class missions and one S-class mission. In
2011 there were three candidate joint missions for the L1 opportunity with a nominal launch date of 2022. These were
the LISA gravitational wave observatory, the IXO X-ray observatory, and EJSM-Laplace, a planetary mission to the
Jupiter system. To keep the Cosmic Visions Programme on track, ESA formally ended all three of these partnerships,
and then kicked oﬀ a reformulation study to develop alternate mission concepts that could accomplish much of the
same science without relying on US funding.
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Figure 1. One possible timeline showing NASA and ESA activity toward a space-based gravitational wave mission. Not shown are possible
game-changing ground-based detections of gravitational waves by Advanced LIGO or pulsar timing in the 2016-2018 time-frame.
The timescale for the reformulated concepts to be considered for the L1 mission opportunity was short (a few
months), so the scope of the reformulation activities was necessarily somewhat limited. For gravitational waves, the
result of the reformulation work was a mission concept that ESA refers to as the New Gravitational-wave Observatory
(NGO) but is known in the community as e(volved)LISA [4, 5]. In this paper we will refer to this concept simply as
eLISA.
In the US, NASA kicked oﬀ a somewhat longer term study to examine various options for both gravitational
waves and X-rays. For gravitational waves, these possibilities include a possible minority role in the eLISA mission,
a NASA-led mission at some future date, or a joint mission with ESA at some future date. A study of alternate
mission concepts[3] that concluded that a mission that accomplished most of the 2010 Decadal-endorsed science with
low risk would cost ∼$1.9B. That design is known as the medium-cost Space-based Gravitational-wave Observatory
(SGO-Mid).
In May 2012, the JUpiter ICy moons Explorer (JUICE) mission, essentially a re-scoped version of the original
Laplace mission, was chosen by ESA for the Cosmic Visions L1 mission for an expected 2022 launch. In November
of 2013, the Senior Survey Committee of ESA selected two science themes[6] for the L2 and L3 mission opportunites.
For L2, with a notional launch date of 2028, the theme is ”The hot and energetic Universe”. The L3 science theme
is ”The Gravitational Universe” and has a notional launch date of 2034. The next step is for ESA to select several
candidate missions that will study the science of the L2 theme (X-rays) with a downselect to a single mission concept
expected in 2016. The L3 mission opportunity will follow a similar timeline but delayed from the L2 timeline by 4-6
years.
Figure 1 shows one possible timeline for activities at both ESA and NASA in the next few years leading up to the
start of the next Astrophysics Decadal Survey in the US beginning in 2019. It is necessarily somewhat speculative
since many of the activities and decision points have not yet happened. Near term activity will be focussed on
developing mission concepts for the L2 launch opportunity, which will be an X-ray mission. A decision on the mission
concept for the L2 launch opportunity is expected in late 2016, and this particular timeline assumes Athena+ is selected
for purposes of illustration. For gravitational waves, the immediate focus is on preparing for the LISA Pathfinder
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(LPF) launch in July 2015, completing technology development work that is already in process, and preparing for the
2020 Astrophysical Decadal Survey that begins in 2019.
3. Context and status of eLISA
Although gravitational waves have been selected as the science theme for the L3 mission opportunity with a no-
tional launch date of 2034, there is no oﬃcial eLISA project oﬃce at ESA. Instead, there is a consortium [7] of ESA
member-state institutions, both universities and research centers, that is actively developing mission concepts, tech-
nology development plans, and the gravitational wave science case. Legacy ESA-funded gravitational-wave related
technology development will continue until the current contracts are completed.
Figure 2. The eLISA mission design includes a mother and a daughter
spacecraft with the same nominal design. The daughter spacecraft is
populated with a subset of the hardware used in the mother’s design.
Figure is courtesy of K. Danzmann/AEI.
In addition, the gravitational wave community is
preparing for the launch of the LISA Pathfinder (LPF)
mission in July 2015[8]. This ESA-led technology
demonstration is expected to validate the design and
detailed noise model for the gravitational reference sen-
sor (GRS), the test mass subsystem that forms one of
the two key subsystems for a LISA-like gravitational
wave observatory. (The other key subsystem is the laser
interferometric system that measures the displacement
between pairs of GRS’s.) A successful LPF mission
will retire the risk for the GRS, and is the culmina-
tion of a substantial investment by ESA. The baseline
LPF mission is 180 days, and a proposal is being devel-
oped for an extended mission. Initial results should be
known by the end of the 2015 calendar year.
Figure 3. The mother and both daughters are launched in
two separate Soyuz-FRGs to reduce launch vehicle cost.
The spacecraft module (SCM) sits on top of a propagation
module (PRM) and a conical adapter. Figure is courtesy of
K. Danzmann/AEI.
The reformulation study of the LISA reference mission into
the eLISA concept was subject to the constraint that the de-
sign had to meet a cost cap for ESA’s contribution of e1000M,
which includes the satellite platform with a telescope, laser,
and the structure. Member state contributions of e250M will
fund the key instrument components including the optical bench,
the gravitational reference sensor (demonstrated by the LISA
Pathfinder mission) and a phasemeter. International partners are
allowed to contribute up to an additional 20% of the mission
cost, approximately e250M ($325M), and must contribute an
enhancement to the science. If the contribution is mission crit-
ical, Europe must have the capability to provide a replacement
that will allow the mission to meet the original science require-
ments.
The current eLISA mission design is a scaled version of the
LISA reference mission with a few key changes. To reduce cost,
the measurement constellation is an equilateral triangle with two
arms: a 60 degree ”V” with an arm length of 106 km. The space-
craft have a ”mother” and ”daughter” configuration (Figure 2).
This can be launched on a pair of Soyuz launch vehicles (see
Figure 3) or an Ariane V with a shared launch. The LISA-like payload has gravitational reference sensors based on
the LPF design, a 20 cm diameter telescope, and a 2W laser.
The constellation is in a heliocentric drift-away orbit that starts at 10-degrees in orbital phase from Earth, and the
baseline mission is 2 years with a possible additional 2 year extended mission. The mission is limited by the available
communications bandwidth, which will decay gracefully as the constellation drifts out of range.
The details of the mission design are expected to evolve over the next few years as technology advances, the LPF
mission is completed, and international partnerships are formed.
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4. Context and status of SGO-Mid
As in Europe, there is no oﬃcial gravitational wave project oﬃce at NASA. There is a small study team under
the auspices of the Physics of the Cosmos Program oﬃce with members at both Goddard and JPL. Unlike Europe,
there is no organized consortium, and the previous LISA International Science Team (LIST) was dissolved in March
2011 along with the joint NASA/ESA partnership. University and community involvement is critical and is coordi-
nated in part through the Gravitational Wave Science Interest Group (GWSIG), a subcommittee of the Astrophysics
subcommittee of the NASA Advisory Committee (NAC). The main activities of both the NASA study team and the
community are to develop a reference mission (currently SGO-Mid) and the science case. There is some involvement
with the LPF mission, including membership on the science team and participation in mission data analysis operation
simulations in preparation for mission operations in late 2015.
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Figure 4. Summary of the diﬀerent mission concepts in the SGO family intended to cover a range from highest to lowest cost. Costs shown are as
estimated by the study team. The mission parameters shown for SGO-High are the same as for the original LISA reference mission.
The mission architecture study examined a variety of mission concepts [3], and began with an open request to the
community for input. The NASA study team developed a range of mission concept options as part of the input to the
study, summarized in Figure 4, intended to span the space from the original LISA reference mission to a very low cost
option. The medium-cost option, SGO-Mid is the current candidate for a US alternative to participation in the eLISA
mission. SGO-Mid serves as a useful reference for science performance and parameter estimation studies as well as
a source for interim requirements for technology development. Costs show in Fifure 4 are as estimated by the study
team, and therefore diﬀerent from those shown in Figure 6, which were costed by Team X.
The SGO-Mid mission is similar in many ways to the eLISA concept, but was developed under diﬀerent constraints
and is therefore diﬀerent in some details. The measurement constellation is a complete equilateral triangle with 106
km length arms and a heliocentric drift-away orbit with a starting orbital phase of 9 degrees from the Earth. The
baseline mission is 2 years with a 2 year extension limited by communications. The LISA-like instrumentation has a
25 cm diameter telescope and a 1W laser.
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5. Science
Space-based gravitational wave missions have consistently received top ratings for science in reviews. A careful
evaluation of the science performance of the missions is critical when trading mission parameters such as arm length,
mission duration, and other capabilities. It is also important to consider the scientific context for such a mission.
We expect that direct detection of impulsive gravitational wave events such as neutron-star/neutron-star, or neutron-
star/stellar-mass black hole binary merger events will be announced by the ground-based Advanced LIGO project
sometime between 2016-2018. Pulsar timing arrays may be seeing signals or at least placing upper limits on nano-Hz
gravitational waves at or around the same time, and we may be also seeing results from follow-up observations of
the CMB polarization based on the initial results reported recently for BICEP2. A space-based gravitational wave
observatory must therefore be capable of extracting the astrophysical parameters from sources and functioning as part
of a coordinated network of multi-wavelength and time-domain observatories, both space and ground-based.
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Figure 5. Summary of the estimated science performance of the eLISA
mission. Figures extracted from the eLISA whitepaper (Ref[4]).
Figure 5 shows a preliminary estimate of the sci-
ence performance of the eLISA mission compared
with the LISA baseline. It is important to look at
both the quantity and the quality of the science re-
turn. For example, rather than just count the number
of expected massive black hole binary merger obser-
vations, we would also like to know how well we can
estimate parameters such as sky location, spin, and
luminosity distance. Science performance is a com-
plex function of the instrument design and the mis-
sion configuration, and these calculations are still in
process.
Figure 6. Summary of the performance of the alternate mission concepts compared on
science, risk, and cost. Figure is from [3]. In general, lower cost means higher risk
and rapid loss of science return. Costs are as estimated by Team X, and are therefore
diﬀerent from the costs quoted in Figure 4
A comparison of the science return,
risk, and cost was done for various al-
ternatives as part of the 2012 NASA Ar-
chitecture study. Figure 6 shows a com-
parison of the SGO-Mid mission against
SGO-High (=LISA). Three other mis-
sion concepts are included in the com-
parison at diﬀerent cost and risk points.
The middle column shows a mission con-
cept with two arms and no proof mass.
Eliminating these elements did not re-
duce the cost very much and substan-
tially increased the risk and reduced the
science return. The last two columns
show an alternative design specifically
chosen for low cost and an aggressive
build schedule. A more complete de-
scription of these alternate mission con-
cepts as well as the details of the costing
and risk assessment is available in the re-
port [3]. However, it is clear that both the
quantity and quality of the science return
drop rapidly for even the modest decrease in cost represented by the SGO-Mid mission with respect to LISA (=SGO-
High).
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6. Summary
The first direct detection of gravitational waves from mergers between compact objects like neutron stars or black
holes will be an important event which will forever change the way we view and study the Universe. Every time a new
type of observatory has been developed we have seen spectacular new discoveries of objects and classes of objects not
previously imagined, and gravitational waves will be no exception. Furthermore, the frequency band around a mHz
contains a rich array of known expected sources, many of them continuously emitting, so we should see an immediate
science return from the observatory. These sources are among the most energetic expected sources in the Universe,
so they should be visible in multiple wavelength bands that yield complementary and independent views of the same
source. Coordinated multi-wavelength and time-domain observations will yield a much more complete understanding
than is currently possible.
With ground-based discoveries expected before 2020, and a successful demonstration of LISA drag-free proof
mass technology with the LISA Pathfinder mission in 2015, the gravitational wave community will be looking for an
opportunity to get started in space sooner that the nominal 2034 launch date for the L3 opportunity.
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